Abstract: Single-view x-ray luminescence computed tomography (XLCT) imaging has short data collection time that allows non-invasively and fast resolving the three-dimensional (3-D) distribution of x-ray-excitable nanophosphors within small animal in vivo. However, the single-view reconstruction suffers from a severe ill-posed problem because only one angle data is used in the reconstruction. To alleviate the ill-posedness, in this paper, we propose a wavelet-based reconstruction approach, which is achieved by applying a wavelet transformation to the acquired singe-view measurements. To evaluate the performance of the proposed method, in vivo experiment was performed based on a cone beam XLCT imaging system. The experimental results demonstrate that the proposed method cannot only use the full set of measurements produced by CCD, but also accelerate image reconstruction while preserving the spatial resolution of the reconstruction. Hence, it is suitable for dynamic XLCT imaging study.
Introduction
X-ray luminescence computed tomography (XLCT) has been recently proposed as a new optical molecular imaging modality [1] [2] [3] [4] [5] [6] . Compared with other optical molecular imaging, e.g., fluorescence molecular tomography (FMT) [7, 8] or bioluminescence tomography (BLT) [9, 10] , an advantage of using XLCT is that autofluorescence can be avoided, which is helpful for improving the sensitivity of imaging. In addition, XLCT has the ability to image deeper since it use high-energy x-ray photons to excite the nanophosphors in tissues, which provides the potential for clinical applications. Further, with the advances in the x-ray-excitable nanophosphors [11] [12] [13] , more applications can be expected in fundamental researches, preclinical and clinical experiments.
In recent years, many efforts have been made to develop new XLCT imaging systems and the corresponding reconstruction methods [1] [2] [3] [4] [5] [6] . Using a narrow beam XLCT imaging system [1, 2] , Xing et al. firstly reported the tomographic images obtained with XLCT. Further, by using a cone beam x-ray source as irradiation, Tian et al. designed a cone beam XLCT (CB-XLCT) imaging system and decreased the data acquisition time [4] . Recently, by applying compressive sensing (CS) technique to a single-view data acquired by the CB-XLCT imaging system, we further improved the imaging time resolution of XLCT and implement a fast three-dimensional (3-D) XLCT imaging [6] . It extended the application of XLCT for fast dynamic imaging study.
Nevertheless, challenges remain in the XLCT reconstruction method. The main reason is that the reconstruction of XLCT based on photon propagation model is ill-posed. When using the underdetermined data, especially using single-view data, the ill-posedness will further aggravate. To overcome these limitations, a simple and effective strategy is to make full use of the surface measurements in the reconstruction. It is worth nothing that in XLCT reconstruction, all measurements will be used to construct the weight matrix. As a result, the weight matrix, used to map the unknown nanophosphor distribution to known measurements, is generally larger, which will lead to a long computational time. In order to reduce the reconstruction time, while preserving the information content, the concept of data compression (e.g., wavelet transform) has been proposed and applied to the reconstruction of optical tomography [14, 15] . As demonstrated by Ducros et al. [15] , by encoding the charge coupled device (CCD) measurements with wavelet transform, they implement a fast reconstruction for FMT imaging. Despite of these successful applications, to our knowledge, the reconstruction study of XLCT based on wavelet transformation has not been reported previously.
In this paper, we propose a wavelet-based reconstruction approach for single-view XLCT imaging. On one hand, this method makes it feasible to use the full set of measurements produced by CCD in reconstruction processes. Hence, it is helpful for partially alleviating the severe ill-posedness of the reconstruction. On the other hand, utilizing the compression property of the wavelet transformation, the computational scale can be reduced. As a result, the computation time can be greatly shortened. To the best of our knowledge, this is the first time that wavelet transformation method is applied to XLCT imaging, especially to singleview XLCT imaging. To evaluate the performance of the proposed method, in vivo experiment was performed based on a cone beam XLCT imaging system. Here, the x-rayexcitable nanophosphor we employed was Gd 2 O 3 :Eu 3+ , due to its NIR emission wavelength. The experimental results indicate that the proposed method can accelerate image reconstruction in XLCT while preserving the spatial resolution of the reconstruction. The recovered location error is less than 0.8 mm and the reconstruction time is less than one second (when 16 wavelet components retained). Hence, the wavelet-based reconstruction provides an attractive method for dynamic XLCT imaging study.
The outline of this paper is as follows. In section 2, the methods and materials used are detailed. In section 3, the experimental results are shown. Finally, we discuss the results and draw conclusions in section 4.
Methods and materials

Imaging model
In x-ray imaging, x-rays are emitted from the x-ray source and travel through tissues. When x-ray is transported to nanophosphors in tissues, the nanophosphors will emit visible or nearinfrared (NIR) light, which can be expressed as follows is the x-ray intensity with 0 ( ) r ξ being the x-ray source intensity at the initial position 0 r and ( ) μ τ being the x-ray attenuation coefficient which can be obtained from x-ray transmission data using an attenuation-based CT technique. In optical imaging, the photon migration in biological tissues can be modeled using the diffusion equation coupled the Robin-type boundary condition [16] , as follows
where Ω is the domain of the imaged object, ( ) r Ξ is the source term, ( ) r Φ is the photon density, ( ) a r μ is the absorption coefficient, and ( ) D r is the diffusion coefficient of the tissue. n  denotes the outward normal vector to the boundary ∂Ω , and γ is a constant depending upon the optical reflective index mismatch at the boundary. In this paper, the diffusion equation is solved using the finite-element method.
After that, the measured luminescent photon on surface of the imaged object, due to an xray source radiation, can be formulated as follows (4) where Γ denotes the luminescent measurements acquired from surface of the imaged object. W is a weight matrix used to map the unknown nanophosphor distribution to known measurements. Generally speaking, the size of weight matrix is large. For example, even if using a single-view image, if all measurements from the image are used in constructing the weight matrix, the size of the weight matrix is generally > 10 4 rows and 10 3 columns, which will lead to larger computational cost. To address the problem, in this paper, we propose an alternative approach which not only can use the full set of measurements produced by CCD, but also can reduce the computational scale. It is achieved by applying a wavelet transformation to the imaging Eq. (4). 
Wavelet transformation for the imaging model
where ⊗ denotes the Kronecker product and Γ  is a M N × column vector consists of wavelet transformation coefficients.
transformation matrix of the 2-D image Q , where each row vector corresponding to a transformation basis vector. Considering that Battle-Lemarié wavelet transform has been proved to be particularly suited to optical imaging [14, 15] , in this paper, the Battle-Lemarié wavelet transform is used. The algorithm (Matlab version used here) can be downloaded from http://www.tsc.uvigo.es/~wavelets/matlab_uvi_wave.html. Based on the compression property of the wavelet transformation, here, we retain the K largest absolute components in the transformed images while discard the other components. This results in the compressed measurements (image) # Γ , as follows
where the columns of matrix # K H contain the K retained basis vector. Further, to reduce the scale of inverse problem of XLCT, we re-generate the weight matrix
where k w is the kth row of # W ,  is the entrywise (Hadamard) product, and T represents transposition operation. The photon density vector , {1, 2,...,
is obtained by solving the diffusion Eq. (2) combined with the corresponding detector patterns ,
Here, k d is generated by the corresponding column of matrix . As a result, the computational time can be greatly reduced.
Reconstruction for XLCT
Due to the high scattering of light in biological tissues and the use of underdetermined data (single-view data), the reconstruction of XLCT is ill-posed. As a result, it is impractical to solve ρ directly from Eq. (8) . Recently, compressed sensing has emerged as an attractive method for reconstruction of images from incomplete data sets. Based on the technique, it is possible to implement the reconstruction of XLCT with fewer measurements. In detail, the CS theory asserts that the signal (image), i.e., ρ , can be efficiently recovered provided that the following conditions hold [17] : 1) The image vector ρ is sparse or can be sparsified using a known orthogonal transformation. Sparsity of the vector ρ is true for many XLCT applications, because the nanophosphors used in XLCT imaging are designed to preferentially accumulate in specific areas of interest such as tumors (cancerous) tissue, and these areas are usually very small and sparse. 2) In order to recover a good estimate of ρ from the incomplete measurements # Γ , the measurement (weight) matrix # W should satisfy the restricted isometry property (RIP). In other words, the sensing matrix # W should be as incoherent (orthogonal) as possible. However, for the XLCT ill-posed inverse problem, the column vectors (so-called atoms) of the sensing matrix are generally highly correlated, which will reduce the recovery performance. To improve the RIP, i.e., to recover the sparse signal accurately and stably, here, a preconditioning matrix method is used [18, 19] . In detail, by multiplying both sides of Eq. (8) by a preconditioning matrix ℑ , we obtain
Let us define
where # pre W and # pre Γ is the preconditioned forward matrix and the preconditioned measurements, respectively. It is well known that the RIP can be affected by preconditioning. However, optimizing ℑ to have the best RIP is a combinatorial optimization problem. Following an approach similar to the one described in [18] , in this paper, the preconditioning matrix ℑ is generated as follows
where T UΛV is the singular value decomposition (SVD) of the forward matrix # W , I is an identity matrix, λ is a regularization parameter.
After preconditioning, the nanoparticle density distribution ρ can be recovered by solving the following optimization problem
where 0 ρ denotes the 0 -norm  of ρ , which simply counts the number of nonzero in ρ . The main propose of this paper is not about efficient solver of Eq. (12) . Considering the time consumption of reconstruction, in this paper, we use a standard orthogonal least squares (OLS) method for the solver Eq. (12) . The details of the process can be found in [20] . In addition, we also point out that there are many methods [21, 22] for addressing the optimization problem. These methods can be directly used to further improve the optimization efficiency.
The imaging system
The imaging system used in this work was a hybrid system, which included a custom-made XLCT prototype and a Micro-XCT prototype integrated on an optical bench, similar to that described in Liu et al [6] . As shown in Fig. 1 , the XLCT system was placed vertically on the optical bench, while the micro-XCT system was placed horizontally. These two subsystems used a communal rotational stage, which allowed rotation of the imaged object around its longitudinal axis for full-angle projection acquisitions. Note that in this work, only one luminescence projection image need to be used to perform 3-D XLCT imaging. That was, for XLCT imaging, the imaged object (mouse) need not to be rotated. Hence, the rotation stage was unnecessary for XLCT imaging, which was only needed in XCT imaging. In addition, for the XLCT imaging, all the components must be placed in a light-tight black box to avoid the environmental light interference during sampling. In detail, the custom-made XLCT imaging system consisted of a cone beam x-ray source, a CMOS x-ray detector panel, and an electron-multiplying CCD (EMCCD) camera. The x-ray source used in the system was a microfocus x-ray source with maximal power of 80 W (Oxford Instrument, U.K.) and could irradiate cone beam x-rays. It was placed 26.5 cm away from the surface of the imaged object. When the cone beam x-ray beam irradiated the tissue, the nanophosphors in the imaged object would be excited to emit visible-to-near infrared light. The luminescent photons emitted from nanophosphors were imaged from the surface of the imaged object by using an EMCCD camera (iXon DU-897, Andor, U.K.) coupled with a Nikkor 50-mm f/1.8D lens (Nikon, Melville, NY). To minimize the number of unwanted scattered photons entering the detector, the cooled EMCCD was mounted at a 90° angle (perpendicular) to the incident x-ray beam, as shown in Fig. 1 . Further, to protect the EMCCD chip from x-ray irradiation, a 4 mm depth of boxed shaped lead shield with an opening front of 70 mm diameter was used.
The Micro-XCT imaging was performed by employing the above x-ray tube incorporating a CMOS x-ray flat-panel detector (2923, Dexela, U.K.) with pixel size of 74.8 m μ covering a 3888 3072 × digital image matrix. The x-ray detector was placed behind the imaged object along the beam direction to measure transmission x-ray radiation. For XCT reconstruction, 360 x-ray projection images need to be collected by the x-ray detector panel and the reconstruction was performed by Feldkamp-Davis-Kress (FDK) method. Figure 2 shows the scheme of the acquisition and reconstruction procedures of the proposed method. Fig. 2 . Scheme of the acquisition and reconstruction procedures of the proposed method. Note that in the XLCT reconstruction, only single-view data need to be acquired and then used to perform 3-D XLCT imaging. In the experiments, the single-view luminescence image was acquired by a cone beam XLCT (CB-XLCT) imaging system. For XLCT imaging, the freespace propagation mapping from the boundary detector ( d r ) of the imaged object (mouse) to the EMCCD was considered as an orthographic projection. Here, the retained detector pattern 
In vivo imaging protocol
All animal studies were conducted under the protocol approved by the Institutional Animal Care of the Fourth Military Medical University. In detail, one female, six-week-old nude mouse (~18 g) was used in the experiment. The mouse was anesthetized by an abdominal cavity injection of 1.5% Pelltobarbitalum Natricum (80 mg/kg body weight). A transparent tube (inner diameter ~2.2 mm) filled with the x-ray-excitable nanophosphor was implanted into the body of nude mouse as luminescence target, to simulate tumor applications. The height of the nanophosphor contained in the transparent tube was ~3.3 mm. That is, the nanophosphor contained in the tube was approximately a cylinder, with 2.2 mm diameter and 3.3 mm height. Here, Gd 2 O 3 :Eu 3+ with a density of 7.4 g/mL was used as the x-ray-excitable nanophosphor, due to its NIR emission wavelength.
When collecting luminescence image, the x-ray source voltage and current were set to 50kV and 1mA, respectively. The integrating time of EMCCD was set to 20 s, the EM gain was set to 260, and the EMCCD binning was set to 1 1 × . In this paper, only one luminescence projection image (perpendicular to the incident x-ray beam) was collected to perform 3-D XLCT tomographic reconstruction.
When collecting x-ray images, the x-ray source voltage and current were set to 50kV and 1mA, respectively. Full-angle x-ray projection images were obtained with a step of 1 degree, resulting in 360 angular positions. The integrating time of each projection was 300 ms.
In this paper, the reconstructed slices of XLCT and XCT were co-registered by a coordinate system centered to the axis of rotation. To provide the height information for coregistration, a steel anchor point, which could be imaged in both imaging systems, was plastered on the mouse surface.
Results
We first investigate the compression ability of Battle-Lemarié wavelet transformation for the acquired luminescence image. Figure 3(a) shows the acquired luminescence image, which was obtained by using a cone beam x-ray source as irradiation and a highly sensitive EMCCD camera as detection. Figure 3(b) shows the compressed image, which was obtained by applying Battle-Lemarié wavelet transformation to original image and then retaining only 256 K = wavelet components. The retained wavelet basis vector (detector pattern) is shown in Figs. 3(c) and 3(d) . The results indicate that even if only 256 wavelet components are retained, there are only small differences between the original and compressed images. Next, we perform 3-D reconstructions according to the scheme previously described. Figure 4 shows the reconstructed results in in vivo experiment, obtained from the proposed wavelet-based single-view method with the 256 K = largest absolute components retained. Figure 4(a) shows the reconstructed XCT tomographic image. Figure 4(b) shows the reconstructed XLCT tomographic image. The fusion image of the XLCT and XCT is shown in Fig. 4(c) Fig. 3(a) ] was used. In detail, for the reconstruction, the mouse was discretized into 3945 nodes and 17044 tetrahedral elements. Referring to [23] , the homogeneous optical properties ( ) were used in the reconstruction. Reconstructions were performed using OLS method. For the XCT imaging, the reconstruction was performed using FDK method [24] . In this paper, the diffusion equation was solved using COMSOL Multiphysics 3.3 (COMSOL, Inc., Burlington, MA, USA). All the algorithms were coded using Matlab 7.3 (MathWorks, Inc., Natick, MA, USA). The experimental results indicate that the proposed wavelet-based reconstruction method is feasible for single-view XLCT tomographic imaging. The location error for the tube implanted into the body of mouse is less than 0.8 mm. Here, the location error is determined by calculating the distance between the center of the tube in the XCT images and the location of the maximum value of the reconstructed XLCT images. On the other hand, it is worth reporting the computation time. Since only a few wavelet components are used to construct the weight matrix, the reconstruction scale can be reduced. As a result, the computation time is shortened. As demonstrated in the case, when 256 wavelet components were retained and used in the reconstruction, solution of Eq. (12) took about 7.6 s on an Intel 2.80 GHz Quad processor and 12 GB RAM personal computer. The computation cost is less than 17.4 min are required to solve Eq. (4) when the 11215 measurements are used to construct the non-reduced weight matrix (i.e., using the conventional reconstruction method). The detailed comparison of the computational time cost of the proposed method and the conventional method is listed in Table 1 .
Finally, to evaluate the effect of the number of wavelet components used in the waveletbased method on the reconstruction quality, we performed the reconstruction by using the proposed method with different number of components retained. For comparison, we also reconstructed XLCT tomographic image by the conventional method. In the implementation of the conventional reconstruction method, the weight matrix was generated from 11215 measurements based on Eq. (4). The other reconstruction parameters were consistent with the proposed wavelet-based method. Figure 5 compares the reconstruction results obtained from the above two methods. The 1st column of Fig. 5 show the reconstruction result obtained by the conventional method (i.e., using the non-reduced weight matrix). The 2nd-8th columns of The experimental results indicate that the reconstruction quality obtained by the proposed wavelet-based method is comparable to that resulting from the conventional method. However, as mentioned above, using the reduced weight matrix can save lots of computation time compared with the original weight matrix. On the other hand, it can be seen that as the number of the retained wavelet components increase, the reconstruction errors gradually decrease. The main reason may be that the recovered information content may lose when using the few wavelet components. However, since XLCT belongs to optical tomography in nature, the visual quality of the reconstruction is mainly impaired by the high photon scattering in biological tissues, while the reduction of wavelet components only have minor impact on the visual quality. Together, even if only few component (e.g., 16 components) are retained in the reconstruction, the reconstruction error is less than 2%. As a result, it is hard to find visual differences in the reconstruction images obtained by the proposed method with more components retained. As shown in the 2nd and 8th columns Fig. (5) , the XLCT images obtained by using 1024 and 16 retained wavelets are almost identical. But, the solution time for 1024 components is approximately 11.6 s falling to around 0.8 s for 16 components, with a smaller number of coefficients taking less computation time (see Table 1 ).
Discussion and conclusion
Single-view XLCT imaging allows fast and non-invasively resolving the 3-D distribution of x-ray-excitable nanophosphors within small animal in vivo, which is helpful for drug delivery research. However, the single-view reconstruction suffers from a severe ill-posed problem because only one angle data is used in the reconstruction. To address the problem, in this paper, we proposed a wavelet-based reconstruction approach and then evaluated its performance using in vivo experiment. In particular, the compressive sensing technique, incorporating a preconditioning matrix method, was used in the reconstruction to further eliminate the ill-posedness of the reconstruction.
It was observed from the in vivo experimental results that the x-ray-excitable nanophosphor (Gd 2 O 3 :Eu 3+ ) implanted into the body of nude mouse could be located from the reconstructed XLCT images (see Fig. 4 ). The location errors were less than 0.8 mm. Moreover, we also found that the number of the retained wavelet components had slight effect on the single-view XLCT reconstruction results (see Fig. 5 ). It further validated the robustness of the proposed method. On the other hand, since only a few wavelet components were used to construct the weight matrix, the reconstruction time was greatly reduced compared with the conventional method. For example, when 16 wavelet components were retained and used in the reconstruction, the reconstruction time was less than one second (see Table 1 ). Based on these experimental results, we believe that the proposed wavelet-based reconstruction provides an attractive method for dynamic XLCT imaging study.
It should be noted that in this study, due to the ill-posedness of the reconstruction based on photon propagation model, the spatial resolution of the proposed reconstruction is relatively lower than that of narrow beam XLCT [1, 2] . In addition, in this work, the cone beam x-ray source is considered as a uniform illumination (irradiation) pattern. The structured illumination technique can be used and expected to further improve the spatial resolution of XLCT. Further, we also admit that the density (concentration) of nanophosphor is not quantitatively recovered and the optimal projection for single-view reconstruction is also not determined in this work. It should also be noted that in in vivo experiment, during the interval between the white light image and XCT image collections, some factors (e.g., physiological status of animals and experimental operations) may affect the position of the imaged animal. As a result, this may further influence the registration accuracy. The use of better registration methods [26] may reduce such differences and further improve the imaging performance of XLCT. Finally, the specificity, sensitivity, and toxicity of the nanophosphor in biological tissues need to be thoroughly considered in in vivo experiments. Systematic studies will be investigated in our future work.
In conclusion, by applying wavelet transform to a single-view data, we implement a fast reconstruction of high quality. The recovered location error is less than 0.8 mm and the reconstruction time is less than one second (when 16 wavelet components retained). In future, we will focus on applying the proposed wavelet-based reconstruction method and cone beam XLCT imaging system to image fast biological distributions of the NIR-emitting nanophosphors in vivo.
